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The sphingolipids are a class of lipids that serve as integral components of eukaryotic cell membranes (21, 49) . Although previously considered to be simply structural molecules, sphingolipids have more recently been shown to act as signaling molecules in many cellular functions and to play crucial roles in the regulation of pathobiological processes, such as cancer, cardiovascular and neurodegenerative disorders, and inflammation or infectious diseases. In mammalian cells, ceramide, sphingosine, sphingosine-1-phosphate, and glucosylceramide are the most studied sphingolipids, and they regulate important processes, including the stress response, cell proliferation, apoptosis, angiogenesis, genetic diseases, and resistance to chemotherapy (7, 51, 80, 103, 105, 120) . In other eukaryotes, such as fungi, sphingolipids have been implicated in the heat stress response (59, 110) , endocytosis (97, 151) , signal transduction (104) , apoptosis (11) , and fungal pathogenesis (11, 83) . Interestingly, a mathematical model interconnecting the sphingolipid intracellular network has recently been proposed in the nonpathogenic fungus Saccharomyces cerevisiae (2) ; however, whether this interconnection is also present in pathogenic fungi or in mammalian cells awaits further investigations.
In the area of microbial pathogenesis, sphingolipids play a role in the regulation of the delicate balance between the microbe and the host. Microorganisms that do not produce sphingolipids, including most bacteria and viruses, are able to utilize host sphingolipids to promote their virulence. Thus, in the context of bacterium-and virus-host interaction, the host is typically the source of sphingolipids, whereas in the context of the protozoan-and fungus-host interaction, both host and pathogen sphingolipids are involved. The determination of which sphingolipid(s) (host, microbe, or both) modulate the host-parasite interaction is particularly significant not only because it may provide important insights into the development of new therapeutic strategies but also because the outcome of this sphingolipid interaction may either lead to commensalism or to host damage/disease (9) , thus expanding the function of a specific sphingolipid outside of the organism from which it originated. For instance, a mammalian sphingolipid acquired by a microbe may be used to exert a novel or different function through conversion by microbial enzyme into new sphingolipids or by hiding microbial cells from the host immune response and allowing colonization or dormancy without damage to the host. On the other hand, a microbial sphingolipid acquired by the host may interfere with host intracellular signaling and thereby alter the removal and destruction of the microbial cell, or it may elicit an autoimmune response through molecular mimicry. The goal of this review is to introduce and discuss microbial sphingolipids and their corresponding metabolizing enzymes as regulators of pathogenesis and to propose new hypotheses and perspectives toward a better understanding of the host-microbe interaction mediated by sphingolipids.
SPHINGOLIPIDS AND THEIR METABOLISM
The basic structure of a sphingolipid consists of a long-chain sphingoid base backbone (distinguishing it from glycerolipids which have a glycerol backbone) linked to a fatty acid via an amide bond with the 2-amino group and to a polar head group at the C-1 position via an ester bond (Fig. 1 ). The synthesis of sphingolipids is highly conserved among eukaryotes and begins with the condensation of serine and palmitoyl coenzyme A catalyzed by serine palmitoyltransferase (SPT) (Fig. 2) . Recent work suggests that phosphatidylserine may serve as the serine donor in this reaction (94) . After the synthesis of dihydroceramide, the pathway can be generally divided into mammalianand fungal/plant-specific branches. In mammalian systems, ceramide is formed and is incorporated into complex sphingolipids such as sphingomyelin and glycosphingolipids. Fungal and plant cells produce phytoceramide, which has an additional hydroxyl group at the C-4 position and is used to form complex sphingolipids, including inositolphosphoryl ceramide (IPC) and its mannosylated derivatives. Many fungi also contain ceramide to produce glucosylceramide (139), a glycosphingolipid that is absent in the nonpathogenic fungal model S. cerevisiae. Sphingolipid biosynthesis appears to be conserved among protozoa, but whereas Plasmodium falciparum produces mammalian-like sphingolipids such as sphingomyelin (3, 25, 44) , the kinetoplastid protozoa (including Leishmania species) produce fungal/plant-like IPCs (17, 62) . For comprehensive reviews discussing the similarities and differences of sphingolipid metabolism among eukaryotes, we suggest the following reviews (20, 22, 50, 104) .
THE SPHINGOLIPID-INFECTION CONNECTION: MODEL SYSTEMS FOR SPHINGOLIPID-MEDIATED PATHOGENESIS
Bacteria. Most prokaryotic cells do not contain sphingolipids. However, some bacteria, including the genera Sphingobacterium (99, 147, 148) , Sphingomonas (142, 146) , and Bacteroides (63, 122) and Bdellovibrio stolpii (140) are able to synthesize sphingolipids. Sphingomonas spp. are infrequent human pathogens, although they can cause osteomyelitis and septic shock (10, 57) . Interestingly, Sphingomonas capsulata is a gram-negative bacterium that does not produce lipopolysaccharide. However, it does produce glycosphingolipids, which are localized in the cell wall and serve as lipid antigens for innate recognition by natural killer T (NKT) cells (93) and stimulate monokine production by mononuclear cells (68) . Other Sphingomonas species, such as S. paucimobilis, are known to possess a homodimer serine palmitoyl transferase (SPT) enzyme, but the role of this enzyme in the pathogenesis of these bacteria has yet to be explored.
Among bacteria that do not synthesize sphingolipids, some pathogenic bacteria have developed mechanisms by which they can utilize host sphingolipids to promote their pathogenicity. For example, many intracellular bacterial pathogens can use ceramide-enriched lipid rafts as a port of entry into macrophages (reviewed in reference 90). Other microbes are able to scavenge host sphingolipids and to incorporate them into bacterial membranes, as in the case of Chlamydia trachomatis (39, 40) . Toxin-producing bacteria may also target host sphingolipids. For example, ␤-toxin from Staphylococcus aureus or ␣-toxin produced by Clostridium perfringens can hydrolyze host sphingomyelin (23, 67, 98) . Also, cholera toxin and botulinum neurotoxin can bind to glycosphingolipids such as the ganglioside GM1 (15, 96, 135, 149) . However, recent work suggests that gangliosides produced by the host cell may actually help protect against C. perfringens ␣-toxin (28). We discuss below how prokaryotes use host sphingolipids during multiple steps of the infection process. We propose that bacteria utilize different host sphingolipids for their survival in the host, either extracellularly or intracellularly.
(i) Chlamydia trachomatis. C. trachomatis is a gram-negative, obligate intracellular bacterium that is the etiologic agent of the most common sexually transmitted bacterial disease in the United States. It can also cause trachoma, an infection of the eye, which may lead to blindness and adult inclusion conjunctivitis. The microbe enters the host cell in the form of infectious elementary bodies (EBs) and resides in a special organelle termed the inclusion body. After uptake by host cells, the EBs differentiate into metabolically active reticulate bodies. The infectious cycle is completed after proliferation and release of bacteria, in the form of EBs, back into the extracellular environment.
C. trachomatis lacks the proper enzymes for sphingolipid FIG. 1. Structure of sphingolipids. Sphingolipids, such as IPC, sphingomyelin, and GlcCer contain a long-chain sphingoid base backbone (highlighted in gray) linked to a fatty acid via an amide bond with the 2-amino group and to a polar head group at the C-1 position via an ester bond. In contrast, glycerolipids, such as phosphatidylcholine, have a glycerol backbone.
VOL. 74, 2006 MINIREVIEWS 29 metabolism (121) but, interestingly, the bacterium membranes do contain up to 4% sphingolipids (100, 145) , suggesting that C. trachomatis may be able to scavenge lipids from the host. Indeed, the chlamydial inclusion body fuses with vesicles containing sphingomyelin that originate from the Golgi of macrophages (26, 39) . The sphingomyelin from the Golgi may disguise the bacterial inclusion body and prevent fusion with lysosomes. Host sphingomyelin taken up by the chlamydial inclusion body is eventually incorporated into the bacterial membranes (39, 40) , and this process may be important for the intracellular growth and replication of C. trachomatis (137) . The molecular mechanism by which sphingomyelin incorporation favors intracellular survival of the pathogen has not been explored, although it is tempting to speculate that the microbe containing sphingomyelin would be more resistant to damage by oxidative stress (Fig. 3) . This mechanism could lead to colonization (survival without proliferation) or microbial proliferation with consequent host cell disruption.
(ii) Mycobacterium tuberculosis. M. tuberculosis is a facultative intracellular bacterium and the etiologic agent of tuberculosis, a serious global human infectious disease. Survival of this pathogen within host macrophages is attributed to its ability to prevent fusion of the phagosome with the lysosomal compartment (70) . Almost concomitantly, two groups were able to demonstrate a role for host lipid rafts in promoting the intracellular survival of M. tuberculosis (31, 118) . More recently, it has been proposed that host sphingolipids play a critical role in controlling M. tuberculosis proliferation in vivo. Specifically, Malik et al. showed that M. tuberculosis is able to repress the rise in Ca 2ϩ levels that typically occurs in macrophages upon ingestion of opsonized organisms (85) . This increase in Ca 2ϩ is required for activation and maturation of the macrophage (reviewed in reference 70). Interestingly, host sphingosine kinase (SK) activity and, thus, sphingosine-1-phosphate (S1P) levels, are decreased after mycobacterial infection (86) . S1P had previously been shown to regulate cellular levels of Ca 2ϩ (119) .
FIG. 2. Sphingolipid biosynthetic pathways.
A schema of sphingolipids and their metabolizing enzymes in fungal/plant/kinetoplastid protozoan and mammalian/Plasmodium systems. SPT, serine palmitoyltransferase; DH-CDase, dihydroceramidase; SPH, sphingosine; Cer, ceramide; CDase, ceramidase; PhytoCDase, phytoceramidase; Gcs1, glucosylceramide synthase; Ipc1, inositol phosphorylceramide synthase 1; Isc1, inositol phosphosphingolipids-phospholipase C1; Sur1 (also called Csg1), Suppressor of rvs161 and rvs167 mutations 1; Csg2, calcium sensitive growth 2; Mit1, mannose:inositol phospho-ceramide transferase; Ipt1, inositolphosphotransferase 1; DAG, diacylglycerol; IPC, inositol phosphorylceramide; MIPC, mannose-inositol-P-ceramide; M(IP) 2 C, mannose-(inositol-P) 2 -ceramide; M2IPC, dimannose-inositol-P-ceramide; GalM2IPC, galactosedimannose-inositol-P-ceramide; MIP, mannose-inositol-P; M2IP, dimannose-inositol-P; IP, inositol-phosphate; PI, phosphatidylinositol; CP, choline phosphate; PC, phosphatidylcholine; SMase, sphingomyelinase; SMS, sphingomyelin synthase. (Adapted from reference 51 with permission of the publisher.)
Inhibition of SK upon mycobacterial infection suggests that a bacterium-derived component is able to decrease S1P in order to prevent the rise in Ca 2ϩ that would normally lead to maturation and/or acidification of the macrophage phagolysosome and subsequent killing of the internalized bacteria ( Fig. 3 ) (86) . Most recently, it has been suggested that M. tuberculosis can inhibit the translocation of SK to the phagosome membrane (128) . Identification and characterization of the Mycobacterium component inhibiting SK would be helpful in determining the role of this inhibitory mechanism in favoring colonization and dormancy over bacterial proliferation and host damage and increase our understanding of the pathogenesis of M. tuberculosis.
(iii) Pseudomonas aeruginosa. Chronic infection by the gramnegative bacterium P. aeruginosa is often associated with cystic fibrosis (CF), a disease caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) protein.
The adherence of P. aeruginosa to CF respiratory epithelial cells is increased compared to normal cells (115) , and it has been suggested that P. aeruginosa binds to asialylated gangliosides such as asialoGM1, a sphingolipid that is increased on the surface of CF cells (116) . Characteristically, P. aeruginosa produces the exoprotein neuraminidase, which cleaves sialylic acid from cell surface sialylated gangliosides, to enhance adherence of bacteria to the respiratory epithelium (8, 115) . Thus, one could hypothesize that altering the expression of asialoGM1 might reduce the adherence of the microbe to epithelial cells in CF patients and inhibit infection. However, there is some evidence which suggests that binding of P. aeruginosa to asialoGM1 can actually increase the uptake of bacteria into host cells (13) . Given that P. aeruginosa is an extracellular opportunistic pathogen and would want to evade uptake by host cells, it is not yet clear if this interaction with asialoGM1 is beneficial or detrimental to the pathogen.
It has also been shown that interaction of P. aeruginosa with host epithelial cells activates host acid sphingomyelinase, leading to generation of plasma membrane ceramide-enriched platforms (37) . The formation of these platforms enables internalization of P. aeruginosa which triggers apoptosis of the host cell and will ultimately lead to the killing of the pathogen (37) . Localization of CFTR protein to lipid rafts is required for uptake of P. aeruginosa by host cells (66) . In CF patients, the mutated form of CFTR protein does not localize to rafts, altering the microbe internalization and increasing the extracellular proliferation and the severity of the disease (66) .
Intriguingly, P. aeruginosa also produces and secretes sphin- golipid-metabolizing enzymes. These include hemolytic phospholipase C (PlcH), which can synthesize sphingomyelin from ceramide, and alkaline ceramidase, which can break down ceramide (82, 106) . Disruption of the gene encoding PlcH, and resultant loss of sphingomyelin synthase activity decreases the virulence of P. aeruginosa in a mouse model (108) , suggesting that P. aeruginosa may use PlcH, as well as alkaline ceramidase, to metabolize host ceramide, thereby inhibiting formation of anti-Pseudomonas ceramide-enriched rafts (Fig. 3) . It is interesting that both PlcH and alkaline ceramidase have been shown to have dual activities. PlcH has sphingomyelinase activity (107), whereas alkaline ceramidase has ceramide synthase activity at neutral pH (65) . One could hypothesize that whether these enzymes express one activity versus the other depends on substrate availability and/or reaction conditions (e.g., pH). However, the significance of the ability of these enzymes to catalyze either reaction under different conditions is still unclear in the context of pathogenesis.
Viruses. Sphingolipids play an important role in many aspects of viral replication, including the initial infection of mammalian cells, depression of the host immune response, and assembly and budding of newly synthesized viral components (90) . Interestingly, recent work by Wilson et al. indicate that viruses of the genus Coccolithovirus may contain genes involved in ceramide biosynthesis (143) . Although the possibility of sphingolipid generation by viruses needs further exploration, the role of host sphingolipids in viral infection has been best-studied with human immunodeficiency virus (HIV).
HIV type 1 (HIV-1) is the causative agent of AIDS. Lipid rafts of CD4 ϩ T cells appear to play an integral role in the replication cycle of HIV-1 (reviewed in references 90 and 29). The first step of HIV-1 infection is the binding of viral gp120 to the host cell surface receptor CD4, a raft-associated protein ( Fig. 3) (16, 84, 111) . This interaction appears to trigger lipid raft reorganization to cluster additional cofactors required for subsequent viral fusion and entry into the host cells (89) . These cofactors include other chemokine receptors, as well as glycosphingolipids, including galactocerebroside, globotriaosylceramide (Gb3), and ganglioside GM3 (45, 52, 58) . Viral budding also occurs through lipid rafts, since host lipids and proteins associated with host membrane rafts appear in the viral envelope of newly synthesized HIV-1 virions (101) .
Because sphingolipids and lipid rafts are critical to the infection by HIV-1 (fusion, entry, and budding), targeting these molecules may give rise to novel antiretroviral therapies. Several studies have investigated cholesterol-depletion as a means of disrupting lipid rafts to prevent HIV-1 entry (78, 79, 102) . Very recently, it has been proposed that an increase of ceramide levels in CD4 ϩ lymphocytes and in monocyte-derived macrophages using pharmacological agents, such as N-(4-hydroxyphenyl) retinamide and fenretinide, or by treatment with sphingomyelinase or by addition of long-chain ceramide may block HIV infection, perhaps by disrupting normal lipid raft organization and function which would inhibit HIV fusion (27) . Since HIV infection predisposes a patient to further infection by opportunistic pathogens (in essence facilitating the pathogenicity of these microbes), treatment with compounds that alter lipid-raft-mediated HIV infection would not only protect the patients from immunodepression but also prevent establishment of opportunistic infections by microorganisms that cause disease through a lipid-raft mediated mechanism.
Protozoa. Protozoa do synthesize sphingolipids, but whereas some protozoa have biosynthetic pathways which produce sphingomyelin, similar to mammalian cells, others produce IPCs, similar to fungal and plant cells.
(i) Plasmodium falciparum. P. falciparum is the etiologic agent of malaria. Infective forms or sporozoites reside in the salivary glands of the Anopheles mosquito and are introduced into the mammalian host when the mosquito takes a blood meal. The sporozoites migrate to the liver where they proliferate and then enter the bloodstream, where they infect erythrocytes. Erythrocytes present an interesting host environment, since they are terminally differentiated cells that lack organelles, are nonendocytic, and are unable to synthesize proteins or lipids de novo. To enter erythrocytes, Plasmodia first attach to the host cell membrane (Fig. 3) . Invagination of the erythrocyte membrane leads to uptake of Plasmodia within a parasitophorous vacuolar membrane (PVM), where they proliferate to form a schizont that consists of many individual merozoites (1) . Rupture of the infected erythrocyte releases the merozoites, which can proceed to infect other erythrocytes. Some merozoites develop into male and female gametocytes that can eventually be ingested by a mosquito. The gametocytes fuse within the gut of the mosquito to produce sporozoites, which then migrate to the salivary glands to repeat the infectious cycle.
Lipid rafts of host erythrocytes have been shown to be critical for the formation of the PVM (42) . The erythrocytes' rafts are associated with particular GPI-anchored, transmembrane, and cytosolic proteins. Several of these host raft-associated proteins, including the transmembrane protein Duffy, are also found in detergent-resistant membranes (DRM) of the PVM, whereas other major erythrocyte membrane proteins that do not associate with rafts are not found in the PVM (72), suggesting that lipid rafts are a key platform for the entry of Plasmodium into the erythrocytes. Synthesis of sphingomyelin regulates the accumulation of the DRM-associated proteins in the PVM (72) , although the molecular mechanism of this phenomenon has not yet been elucidated.
Various mammalian-like sphingolipid biosynthetic activities have been demonstrated in Plasmodium. Both sphingomyelin synthase (SMS) (3, 24, 25, 44) and glucosylceramide synthase (GCS) (14, 32) activities have been observed, suggesting that the Plasmodium has a conserved mammalian-like sphingolipid biosynthetic pathway. SMS enzyme is localized in the parasite Golgi but can be actively transported out of the parasite into the tubulovesicular membrane (TVM), a structure which buds from the PVM during parasite development (Fig. 3) . Within the infected erythrocyte, which lacks endocytic activity (43) , the TVM provides a key means of communication between the intracellular parasite and extracellular domain for uptake of nutrients and host proteins (72, 74) . It has been demonstrated that SMS activity is essential for TVM development (reviewed in reference 41) and that inhibition of this activity leads to death of the parasite (73) , suggesting sphingomyelin synthesis is crucial to the survival and virulence of Plasmodium. The role of GCS in the intraerythrocytic development of the parasite is still unclear because, although inhibition of GCS activity decreases formation of glucosylceramide (GlcCer), this appar-ently does not affect the development of the parasite inside the erythrocyte (14, 32) . Perhaps GCS (or GlcCer) may be important only at certain stages of the intraerythrocyte development of the parasite.
In addition, a neutral sphingomyelinase capable of generating ceramide from sphingomyelin has been identified in P. falciparum (47, 48) . Hanada and coworkers propose the intriguing hypothesis that plasmodial SMase activity degrades host SM to produce ceramide, which is then used by plasmodial SMS and GCS to produce SM and GlcCer in the TVM (Fig. 3) . As a consequence, targeting SMase, SMS, and/or GCS could inhibit growth of the parasite (14, 73) . Conversely, excessive accumulation of ceramide may also be detrimental for the pathogen since treatment with exogenous ceramide inhibits parasitic growth through a nonapoptotic mechanism (71, 109) . Indeed, the antimalarial drugs artemisinin and mefloquine may exert their antiparasitic effects through the activation of SMase (109) . The consequent increase of ceramide would decrease the level of glutathione, thereby preventing degradation of ferroprotoporfirin IX, which is toxic to plasmodia. The exact molecular mechanism by which these antimalarial drugs activate neutral sphingomyelinase activity is still under investigation.
(ii) Kinetoplastid parasites. The kinetoplastid protozoa include Leishmania spp., which cause leishmaniases, and Trypanosoma spp., which cause African sleeping sickness (Trypanosoma brucei) and Chagas disease (T. cruzi). Although sphingolipids have been identified in all of these organisms, we will focus our attention here on Leishmania spp. because sphingolipid metabolism in these protozoa has been studied in greater detail than in Trypanosoma spp.
Leishmania major is carried by the phlebotomine sandflies (genus Phlebotomus or Lutzomyia). In the sandfly, Leishmania exists as a flagellated promastigote, which differentiates from a replicating procyclic form to a nonreplicating metacyclic form. The infectious metacyclics are transferred through the sandfly proboscis into the mammalian host where they enter macrophages. Inside the macrophage, they differentiate into nonflagellated amastigotes and replicate, ultimately killing the host cell. In the culturing of parasites, the log phase represents the procyclic promastigotes, the stationary phase induces differentiation into infective metacyclic promastigotes, and amastigotes form within the phagolysosome of the host macrophage and cause pathology in the host organism.
Several studies indicate that Leishmania produce IPCs (17, 62) and, as such, are more similar to fungal cells. Among the Leishmania surface membrane glycolipids, which include lipophosphoglycan and glycosylinositolphospholipids, IPCs have been found to be the most abundant class (18, 112) . However, thus far, no IPC synthase has been identified in this parasite. Sphingolipid synthesis has been studied in L. major by knocking out SPT2/LCB2, the catalytic subunit of serine palmitoyl transferase, to generate sphingolipid-null mutants (19, 153) . Interestingly, the loss of de novo sphingolipid synthesis did not affect the viability of the promastigote parasite. However, these mutants were defective in their ability to differentiate into the metacyclic (or infective) form. Accordingly, these parasites had poor infectivity of isolated host macrophages and delayed infectivity in murine models in vivo, indicating that sphingolipids are important for the initial invasion of the host by Leishmania.
Although the Spt2/Lcb2 knockout mutant had a delayed onset of infection, once lesions appeared, their progression was comparable to that of wild-type strains (19, 153) . These studies suggest that de novo sphingolipid synthesis is not necessary for proliferation of amastigotes inside the phagolysosome. This hypothesis is supported by the observation that Spt2/Lcb2 is downregulated to undetectable levels in wild-type amastigotes compared to promastigote forms of the parasite.
More interesting, however, is the fact that wild-type and Spt2/Lcb2 knockout amastigotes contain Leishmania-specific IPCs, indicating that sphingolipids play an important role in this intracellular proliferation (152) . How these amastigotes generate complex sphingolipids when Spt2/Lcb2 activity is undetectable is currently unknown. Recent evidence suggests that Leishmania is capable of salvaging host sphingolipids (152) and can remodel them to generate parasite-specific sphingolipids. Thus, Leishmania may possess an Ipc1-like enzyme that uses host ceramide and host or parasitic phosphatidylinositol to make IPCs (Fig. 3) . What causes Leishmania to downregulate Spt2/Lcb2 and how they acquire and remodel host sphingolipids are also unknown.
On the other hand, Leishmania may also alter host sphingolipid metabolism within the host cell itself. For instance, L. donovani induces the generation of ceramide by murine macrophages, thereby increasing the intracellular survival of the parasite (33, 34) . The increase of ceramide inhibits AP-1 and NF-B transcription factors via downregulation of classical protein kinase C (PKC) activity and mitogen-activated protein phosphorylation. These events serve to inhibit nitric oxide synthesis (Fig. 3) , thereby preventing macrophage activation and the killing of the parasite (33, 34 ). It appears that the effect of host ceramide on Leishmania is opposite to the effect of ceramide on Plasmodia. This interesting difference might be due to the branch of sphingolipid (fungus-like versus mammalianlike) present in the two parasites and/or to the particular environment in which they reside (erythrocytes versus macrophages). It is unknown what stimulates the generation of ceramide, but it is tempting to speculate that inhibition of mammalian PKC is due to the ceramide formed by the action of plasmodial sphingomyelinase.
As sphingolipid-synthesizing organisms, Leishmania may also use its own sphingolipids as part of its signaling machinery for the expression of virulence factors. It has been observed that the Spt2/Lcb2 knockout mutant accumulates abnormal intracellular lipid vesicles, which may implicate sphingolipids in the regulation of intracellular trafficking (19, 153) . Also, a study by Denny et al. suggests that the expression of GP63 (also called leishmanolysin), an important virulence factor of Leishmania (61) , is dysregulated in the Spt2/Lcb2 knockout mutants (19) , although this result was not reproduced in a study by Zhang et al. (152) .
In addition to playing an important role in survival and proliferation in the host, sphingolipids from amastigotes of Leishmania amazonensis induce a selective loss of CD4 ϩ cells and inhibit lymphoproliferation through a PKC-dependent mechanism, without affecting the expression of immune surface markers (CD3, CD4, CD8, CD14, CD19, and CD45) (35) . Intriguingly, inhibition of host PKC activity is also caused by Leishmania promastigotes, but in this case the effect is due to lipophosphoglycans instead of sphingolipids. This is an inter- (54) . However, the roles of sphingolipids in fungal infectious diseases are not well established because the biological functions of fungal sphingolipids have been studied almost exclusively in nonpathogenic fungi such as S. cerevisiae. In addition, since S. cerevisiae does not produce cerebrosides (for example, GlcCer), their roles and functions in fungi are largely unexplored. It is interesting that pathogenic fungi do produce GlcCer, and very recently it has been shown that Cryptococcus neoformans GlcCer synthase (GCS1) is required for pathogenicity of this fungus (113) .
During the infection process, it is not yet known whether fungal cells can incorporate host sphingolipids into fungal membranes or modify host sphingolipids to alter cell membrane structure or signaling pathways. There is some evidence that host sphingolipids such as lactosylceramide can mediate the adherence of fungal cells to epithelial and phagocytic cells (60) . On the other hand, fungi are themselves sphingolipidproducing organisms and could use sphingolipids as important signaling molecules, particularly in mediating the expression of virulence factors.
(i) Candida albicans. Although the presence of sphingolipids and sphingolipid-metabolizing enzymatic activities have been demonstrated in C. albicans, their role in the physiology, biology, and pathobiology of this important human pathogen has yet to be elucidated. Glucosylceramides were first shown to be produced by C. albicans by Matsubara et al. (91) . Recently, the gene encoding for GlcCer synthase has been isolated in C. albicans, but its role in the pathogenicity of this fungus has yet to be determined (75) . Wells et al. showed that the hyphal form of C. albicans produces large amounts of complex sphingolipids, such as IPC, MIPC, and M(IP) 2 C (141). However, whether sphingolipid production is higher in hyphal compared to yeast forms of Candida is not known. Sphingolipid metabolism could be important considering that the yeast-hyphal switch is a "pro-virulence" transformation. Known inhibitors of Ipc1 activity inhibit growth of C. albicans similarly to the inhibition exerted in other fungi (87, 88, 154) . A "new" complex sphingolipid, consisting of dimannose inositol phosphoceramide (M2IPC), possibly derived from MIPC, has been characterized in C. albicans (133) . This sphingolipid was actually previously described in other fungi, such as Histoplasma capsulatum (6) . The interesting feature of M2IPC is that its lipophilic property allows the diffusion of this complex sphingolipid to the cell wall. In contrast, other complex sphingolipids, such as IPC, MIPC, and M(IP) 2 C, are thought to be anchored to the plasma membrane because they are much less polar. Whether this specific localization in the cell wall can exert a signaling function to host cells, such as macrophages or epithelial cells, has yet to be elucidated. Very recently, a C. albicans strain lacking this lipid has been produced, but this strain also lacks MIPC and M(IP) 2 C, indicating that the deleted gene (MIT1) encodes for MIPC synthase activity, a precursor of M2IPC and M(IP) 2 C (95). It was interesting that although yeast cell growth at 37°C and yeast-hyphal transitions were not affected, the C. albicans ⌬mit2 mutant showed a significant decrease in virulence. The latter observation should prompt additional investigations to understand sphingolipid mannosylation at the plasma membrane and cell wall and their role in the regulation of Candida pathogenicity.
(ii) Cryptococcus neoformans. C. neoformans is an opportunistic fungal pathogen which enters a human host through the respiratory tract. Upon immunosuppression, yeast cells can migrate through the bloodstream to the brain and cause a life-threatening meningoencephalitis. Cryptococcosis is found primarily among AIDS patients, cancer patients, and others undergoing transplantation procedures or on immunosuppressive therapy. Current anticryptococcal treatments are unable to completely eradicate the infection, forcing patients to be maintained on life-long antifungal therapy with the consequent selection of resistant strains and the development of relapses.
C. neoformans has several virulence factors that enable it to cause disease, including a large polysaccharide capsule, ability to grow at 37°C (temperature of mammalian hosts) and low pH (environment within phagolysosome), and melanin, a black pigment produced by the oxidation of diphenolic substrates (such as catecholamines) through the action of laccase, an enzyme localized in the fungal cell wall. Melanin protects the fungus from the host immune response.
In previous studies, Luberto et al. established that the sphingolipid enzyme Ipc1 plays a crucial role in the regulation of the pathogenesis of C. neoformans (83) . Ipc1 is encoded by the IPC1 gene, also called AUR1. This enzyme catalyzes the transfer of a phosphoryl-inositol group from phosphatidylinositol to phytoceramide (53, 54, 69) to produce the complex sphingolipid IPC, as well as a molecule of diacylglycerol (Fig. 2) . In C. neoformans, diacylglycerol regulates activation of Pkc1 through the C1 domain, and this activation is required for the proper localization and function of the enzyme laccase (Lac1) at the cell wall (Fig. 3) (55, 56) . Among the virulence traits that Ipc1 has been shown to regulate are growth at low pH (83) , melanin production (55, 56) , and secretion of antiphagocytic protein 1 (App1) (Fig. 3) (81) .
Other sphingolipid-metabolizing enzymes have been identified and characterized in C. neoformans. One of these enzymes is inositol phosphosphingolipid phospholipase C (Isc1), which metabolizes complex sphingolipids into phytoceramide and inositol phosphate (Fig. 3) and exerts a key role in virulence of C. neoformans (J. Shea and M. Del Poeta, manuscript in preparation) and (117) . Isc1 is the fungal counterpart to sphingomyelinase in mammalian cells but possesses unique biochemical characteristics different from the mammalian and the S. cerevisiae enzymes (J. L. Henry and M. Del Poeta, manuscript in preparation). Another sphingolipid-metabolizing enzyme characterized in C. neoformans is GlcCer synthase 1 (Gcs1) (113) .
C. neoformans is a facultative intracellular pathogen that can grow within the phagolysosome of macrophages. In previous studies, it has been shown that an increase in fungal complex sphingolipids, due to the upregulation of Ipc1, significantly increases the size of the phagolysosome (83) . Whether this alteration of the phagolysosome has implications in the overall membrane structure of the host organelle is currently under investigation. It is also interesting to hypothesize that fungal sphingolipids might be incorporated into the membrane of the phagolysosome, altering its membrane potential, signaling function, and/or fluidity. Since host sphingolipid-metabolizing enzymes cannot metabolize or remodel fungal sphingolipids, their incorporation into membranes of the phagolysosome could lead to its early disruption, the lysing of the host cell, and/or extracellular dissemination of the fungus.
(iii) Aspergillus spp. and other filamentous fungi. Aspergillus spp. are filamentous fungi which commonly cause disease of the respiratory system. The Aspergillus IPC synthase homolog, named AurA, has been identified and isolated (54, 69) , and complex sphingolipids are present in Aspergillus spp. (38) . In A. nidulans, a nonpathogenic model of Aspergillus, SPT and IPC synthase activities are required for cell cycle progression and polarized cell growth (12) , but their role in the pathogenicity of A. fumigatus has yet to be addressed. Recent work suggests that sphingoid bases induce apoptosis in A. nidulans through a caspase-dependent mechanism (11) . Aspergillus spp. also produce GlcCer and galactosylceramide (130, 138) , and disruption of their synthesis by using pharmacological inhibitors causes defects in both germination and hyphal growth (76) , suggesting that they might play an important role in pathogenicity. Some Aspergillus spp. show sphingomyelinase activity (92) , and this is interesting because, thus far, sphingomyelinase activity has been demonstrated in the nonpathogenic fungus S. cerevisiae but not in C. neoformans and C. albicans (117) .
Although Aspergillus spp. possess known complex sphingolipids, other filamentous fungi do not. For instance, zygomycetes, such as Mucor spp. (the agents responsible for mucormycosis), do not possess Ipc1-derived sphingolipids, such as IPC, MIPC, and M(IP) 2 C. These fungi are resistant to aureobasidin A, an IPC synthase inhibitor, suggesting that they do not possess the Ipc1 enzyme. Instead, they contain neutral glycosphingolipids not previously described in other fungal organisms. The role of these neutral glycosphingolipids in the physiopathology of these fungi has yet to be elucidated (4) .
In Histoplasma capsulatum, two interesting studies identified complex sphingolipids present in the mycelial and yeast forms of this dimorphic fungus (5, 6) . In particular, the authors of those studies identified a dimmanosylinositolphosphoceramide (M2IPC-compound V) and galactosyldimmanosylinositolphosphoceramide (GalM2IPC), with the latter existing in two forms depending on the addition of a galactofuranose residue at the 6-position of mannose (compound VI) or the addition of galactopyranose at the 4-position of mannose (compound VIII). Interestingly, whereas compound VIII is present in both yeast and hyphal forms, compounds V and VI are only present in the yeast form of H. capsulatum, which is the in vivo form of the fungus that survives within macrophages. Antibodies that react with compounds V, VI, and VIII have been found in sera of patients with histoplasmosis; however, whether these human antibodies would have a protective effect against dissemination of the disease is not known. A class of acidic glycosphingolipids (glycoinositol phosphorylceramide) has been described in the nonpathogenic basidiomycete Agaricus blazei and in pathogenic euascomycetes such as Aspergillus fumigatus, Histoplasma capsulatum, and Sporothrix schenckii (77) . This class of sphingolipids shows a very high diversity in their glycosylinositol and ceramide structure especially between the yeast and hyphal form of S. schenckii (77) . In addition, GlcCer has been described in both the yeast and hyphal form of H. capsulatum (131) , as well as in Paracoccidioides brasiliensis (124) , S. schenckii (129) , and other filamentous fungi pathogenic to humans or plants (reviewed in reference 139). The characterization of these glycosphingolipids could contribute to a better understanding of fungal pathogenesis.
WHEN SPHINGOLIPIDS COLLIDE: HOW THE BALANCE OF HOST AND MICROBIAL SPHINGOLIPIDS DETERMINES PATHOGENICITY
Although sphingolipids and their metabolism may aid microbial pathogenesis, it also appears that sphingolipids may be key players in the host's defenses against infections. In the case of extracellular pathogens, such as P. aeruginosa, sphingolipidenriched rafts facilitate the phagocytosis and eventual lysis of bacteria (37) . In the case of intracellular pathogens, the host may initiate sphingolipid-mediated pathways which enable containment or dormancy of the microbe or enhance the clearance of the microorganism. For example, generation of sphingosine-1-phosphate by sphingosine kinase is crucial to the initiation of macrophage activation in M. tuberculosis infection (30, 85, 86) . The particular microbial component responsible for this type of host response is yet to be identified. Studies with M. tuberculosis and C. neoformans, a eukaryotic intracellular pathogen, as genetic models may help discern whether microbial sphingolipids may, in fact, be the trigger of these host defense pathways.
Alternatively, the host cell may directly target the pathogen's sphingolipid metabolism through the production of molecules such as antimicrobial peptides or antibodies. It has been shown that fungal cells deficient in sphingolipid biosynthesis are more resistant to plant antimicrobial peptides such as DmAMP1 (125, 126) . Also, the plant defensin RsAFP2 and the insect defensin-like peptide heliomicin interact with fungal glucosylceramides (127) . Fungal GlcCer evokes the production of human antibodies during cryptococcosis (132) or histoplasmosis (5) . In addition, it has been demonstrated that treatment of in vitro cultures of C. neoformans with human anti-GlcCer antibody inhibits fungal growth (114) , suggesting that such a host immune response could counteract in vivo fungal proliferation.
Mounting an immune response against microbial sphingolipids, however, could have detrimental effects on the host cell through the phenomenon of molecular mimicry and the development of autoimmunity. Bacterial glycosphingolipids have been shown to be stimulators of NKT cells (64, 93, 144) , which play a key role in the regulation of the host's immune response against viral, bacterial, fungal, and parasitic infections (134) . Interestingly, a subpopulation of NKT cells, invariant NKT cells, reacts against microbial glycosphingolipids and controls autoimmunity (136) . Thus, it is possible that some pathophysiological features associated with infections could be explained by an autoimmune response against host glycosphingolipids due to molecular mimicry by microbial sphingolipids. This hypothesis has been postulated to explain the demyelinating encephalopathy in African trypanosomiasis (36) . In bacteria, molecular mimicry exists between lipopolysaccharides and gangliosides (mainly glycosphingolipids), and it has been suggested to be responsible for the neuropathy after Mycoplasma VOL. 74, 2006 MINIREVIEWS 35 infection (123) or neuromuscular paralysis (or Guillain-Barre syndrome) due to infections by Campylobacter jejuni or other microbes (150) . It is also worth noting that P. aeruginosa ceramidase is significantly similar to the human alkaline ceramidase and that M. tuberculosis also has a gene encoding a protein that is significantly homologous to the P. aeruginosa ceramidase. These similarities between prokaryotes and eukaryotes might suggest that, in addition to autoimmunity against sphingolipid molecules, molecular mimicry may also exist in regard to enzymes of sphingolipid metabolism and/or synthesis. Potentially, this pathophysiological mechanism could also explain clinical manifestations present in other infections (e.g., cryptococcosis, histoplasmosis, and paracoccidioidomycosis) in which production of antibodies against glycosphingolipids has been demonstrated. This area of investigation is particularly attractive. The interaction between microbial and host sphingolipids could explain many aspects of the immune system. As signaling molecules, sphingolipids can trigger actions and responses that would either prevent host damage from the microbe (or from the host itself) without the establishment of disease or favor the initiation of damage signals that could promote a pathological process. There have been recent successes in demonstrating that inhibition of microbe-utilized sphingolipids limits the pathogenicity of these organisms. Thus, a better understanding of sphingolipid-mediated microbial pathogenesis and how sphingolipid interactions can be modified to benefit the host may forge inroads into new therapeutic strategies and provide alternatives to traditional chemotherapeutic approaches to infectious disease.
ADDENDUM
During the revision of this minireview, a review by K. Hanada was published (46) . We recommend reading this review, which focuses on the biochemistry of sphingolipids and recent advances in sphingolipid biology related to infectious diseases.
